OBJECTIVE: To determine the effect of 3-hydroxybutyrate (3OHB) on the thermogenic response to noradrenaline (NA) in lean and genetically obese Zucker faafa rats. DESIGN: Rats were infused with 18.7 nmol?kg À1 ?min À1 of NA, supplemented, for 15 min, with 66.7 mmol?kg À1 ?min À1 of R-3-hydroxybutyrate (3OHB). SUBJECTS: Pentobarbital-anaesthetized lean and obese Zucker rats. MEASUREMENTS: Aortic and interscapular brown adipose tissue (BAT) temperature; plasma NA, 3OHB, glucose and insulin levels during infusion. RESULTS: The NA-induced increase in aortic and BAT temperature was more marked in lean than in obese rats. In lean rats, the rise was arrested by 3OHB; but in obese rats 3OHB had no effect. Infusion of saline, glucose or 3OHB in the absence of NA did not induce changes in either temperature. NA infusion resulted in a rapid increase in plasma NA to 45 ± 50 nM in both groups; this plateau was maintained for up to 60 min. The presence of 3OHB decreased the plasma NA of lean rats, but did not affect the plasma NA of the obese rats. Blood 3OHB rose to 1.2 mM during 3OHB infusion in both groups, and decreased on cessation of infusion. Blood glucose levels increased with NA infusion in both groups; the presence of high 3OHB levels decreased glucose levels only in lean rats. CONCLUSION: The changes in NA levels induced by 3OHB may help explain the effects observed on temperature and glucose. The defective thermogenic system of obese rats cannot be modulated by 3OHB, unlike thermogenesis in lean rats, on which 3OHB has a marked effect.
Introduction
The genetically obese Zucker faafa rat has a defective thermogenic system, 1 which limits its responsiveness to adrenergic stimulation of thermogenesis. 2 Its brown adipose tissue (BAT) does not signi®cantly contribute to cold-or diet-induced thermogenesis. 3 Since adaptive thermogenesis relies mainly on BAT, 4 its lack of activity in the genetically obese rat hampers the maintenance of body temperature and survival in the cold. 5 BAT-dependent thermogenesis is directly related to noradrenergic stimulation. 4 Continuous catecholamine infusion stimulates BAT 6 and increases heat production in normal rats, 7 which raises blood temperature. Moreover, noradrenaline (NA) infusion increases glycaemia 8 through hepatic glycogen breakdown, 9 increases lipolysis and leads to marked changes in blood¯ow distribution and cardiac output. 10, 11 The liver produces ketone bodies when glucose availability is low and lipolysis is enhanced, which makes fatty acids available to most tissues. 12 Shortterm starvation increases circulating ketone bodies, because their synthesis is enhanced 13 and their utilization is limited. The stability of ketonaemia during prolonged fasting is maintained through a negative feedback mechanism, in which ketone bodies limit their own synthesis. 14 Other conditions, such as diabetes 15 and ketogenic diets, 16 also increase ketone body levels. Mild ketogenic conditions spare proteins by inhibiting gluconeogenesis, 17 they also decrease thermogenesis 18 and overall energy consumption. The big change in blood 3-hydroxybutyrate levels (3OHB) from basal to ketosis hints at their possible signalling role. 19 This is achieved through modulation of the response of the BAT mitochondrial uncoupling protein system and by direct interaction with adrenergic receptors. 20 Under conditions of pentobarbital anaesthesia, 3OHB inhibits the thermogenic effects of NA, blocking the increases in glycaemia and BAT temperature caused by continuous NA infusion. 21 This study seeks to determine whether the inhibition of NA-elicited thermogenesis by 3OHB is maintained in Zucker faafa rats in which BAT-based thermogenesis is not operative.
Materials and methods
Lean (Faa?, weighing 240±260 g) and obese (faafa, weighing 430±470 g) male Zucker rats, aged 60 d, from Charles River (USA) were used. The animals were kept under controlled conditions of feed (standard, B&K, Sant Vicent dels Horts, Spain), light cycle (on from 08.00±20.00 h), temperature (21±22 C) and humidity (70%) in individual polypropylene-bottomed cages until the experiments were performed. All experiments took place between 08.00±10.00 h. The rats were anaesthetized with an i.p. injection of 50 mgakg of sodium pentobarbital (Sigma, St Louis, MO). The rats were then placed in a chamber maintained at 28±30 C. Two K-type thermocouple temperature probes (Kane May, Welwyn Garden City, UK) were inserted, one on the lower aorta wall and the other between the interscapular BAT masses, as described elsewhere. 11 The probes were connected to a Data logger (type KM-1420, Kane May) which recorded temperatures at 10 s intervals. These data were ®tted and converted into 3 min means, in order to allow comparisons between series of rats.
The lower cava was then cannulated using P10 polyethylene catheter tubing (Clay Adams, Parsipanny, NJ) for continuous infusion. A second cannula was also inserted in the lower cava vein, further from the heart than the ®rst, and ®lled with heparinized saline to keep it functional for sampling.
The infusion apparatus consisted of a slow infusion syringe pump (model Precidor 5003 from Infors AG, Bottmingen, Germany) ®lled with saline, injecting at a rate of 4 mlÁkg
À1

Áh
À1
. The syringe ef¯ux was distributed by a Y-piece into two containers, both ®lled with 280 mM S-()-noradrenaline bitartrate (Sigma) in 9 gal NaCl. One of these containers also held 1 M R-(À)-3-hydroxybutyric acid sodium salt (Sigma) and 10 mgal of neutral red (Sigma) colouring used to follow the solution's¯ow. Either NA or NA 3OHB infusion could be selected by means of a three-way key, which allowed the rapid switch of uid entering the lower cava without changing the pace of injection or the pressure inside the system. 21 Rats were anaesthetized and prepared for infusion in 10±13 min. The infusion experiments were then carried out, in the chamber at a constant temperature, for a further 60 min.
Before the beginning of the infusion procedure, the aortic temperature of the rats was checked. Even in the heated chamber there was a slight tendency to hypothermia, caused by the anaesthesia. 22 Infusion began when the rat had maintained the temperature of 36 C for 30 s, which provided added uniformity to the responses. The dose of NA used, was considered large enough to mimic the levels of NA in the synaptic terminals.
Four groups of rats were studied: LC, Lean controls (n 12); OC, Obese controls (n 12); LT, Lean treated (n 12); OT, Obese treated (n 12). Controls were infused with NA for 60 min; treated rats were infused with NA for 15 min, then with NA 3OHB for 15 min and again with NA for up to 60 min. In all groups, two series (n 6 each) were randomly selected; the ®rst was used for NA estimation, and the second for glucose, insulin and 3OHB measurements. All rats were used for temperature measurements (n 12 in each group).
Blood samples were limited to about 0.15 ml in each extraction (which were performed at 6 min intervals). They were centrifuged to obtain plasma.
Aliquots of 75 ml of plasma were mixed with 675 ml of water, 50 ml of 15 mM reduced glutathione (Sigma), 50 ml of 90 mM EDTA (Sigma) and 60 ml of 130 nM dihydroxybenzylamine (Sigma, internal standard). The samples were then shaken (with an orbital mixer for 30 min at 4 C) with 20 mg of dry alumina (Merck, Darmstadt, Germany), which was previously activated to its acidic form, and 400 ml of 500 mM tris-HCl pH 8.6 buffer. The samples were centrifuged for 10 min at 2000 g at 4
C. The pellet was resuspended in 1 ml of 3 mM EDTA buffered at pH 7.0 and centrifuged again for 7 min; this washing was repeated three times. The last clean pellet was resuspended in 150 ml of 200 mM perchloric acid, shaken for 1 min and then centrifuged for 10 min at 4 C. The supernatant was then stored at À80 C, and protected from light, until it was used for NA estimation. The mean recovery of samples 87.4AE 3.8% (n 15) was about 8% less than the freshly prepared standards.
Insulin was measured in LT and OT samples by means of a standard radioimmunoassay (RIA) using 125 I-labelled human recombinant insulin, speci®c rabbit antibody and standards of rat insulin (Amersham International, Amersham, UK). 23 NA was determined by an HPLC apparatus (model 1050 from Hewlett-Packard, Palo Alto, CA) ®tted with an electrochemical detector (model 5100A from Coulochem, Bedford, MA). Aliquots of 50 ml of puri®ed extracts and standards (NA and dihydroxybenzylamine) were injected into a 15Â0.46 cm column of Spherisorb ODS2 5 mm (from Tecnokroma, Sant Cugat del Valle Ás, Spain), and a pH 5.2 mobile phase of 100 mM sodium acetate 40 mM citric acid, 60 mM sodium hydroxide, 5 mM 1-octane sulfonic acid and 100 mlal methanol was run through at a pressure of 12.4 Mpa and a rate of 0.80 mlamin. 24 NA was eluted as a distinct peak at 4.5±5 min, adrenaline at 5.5±6 min, and dihydroxybenzylamine at 8.5±9 min. The assay was completed in 20 min. The limit of detection was 30 pg of NA; interassay variability (s n /" x) applied to standards was 0.12.
Blood was withdrawn from the second series of animals (0.05 ml spaced at 3 min intervals) and then deproteinized with 0.6 M perchloric acid (Merck). The acid was then neutralized with potassium bicarbonate and centrifuged. The supernatants were stored at À80 C until they were processed for glucose 25 and 3OHB 26 measurement.
3-hydroxybutyrate effects on obese rat thermogenesis X Can Äas et al Estimation of differences was calculated by twoway ANOVA programs and the Duncan test for direct comparison between groups. The limit of signi®cance was set at P`0.05.
Results
NA induced a gradual rise in aortic (core) temperature in lean rats, up to 41 C, which stabilized before reaching the 42 C mark (Figure 1 ). NA infusion raised the aortic temperature in obese rats, but at a lower rate of increase than in lean rats. The temperatures registered in the interscapular BAT mass showed a similar pattern. The differences in lean rats between aortic and BAT temperatures were considerable, up to 1.5 C from 45 min onwards. In the obese rats, the differences were small, no more than 0.1 C. The infusion of 3OHB did not affect the temperature changes in obese rats, but signi®cantly reduced the rate of temperature increase in lean rats. The effect of 3OHB infusion was maintained for a time after cessation of its infusion. The difference between BAT and aortic temperatures was lower in the obese than in the control rats not treated with 3OHB (in the range of 0.7±0.8 C). The constant infusion of NA elicited a rapid increase in the circulating levels (Figure 2 ), which stabilized in the 45±50 nM range for both lean and obese rats. In lean rats, 3OHB decreased the NA concentration signi®cantly, but the levels recovered after the end of 3OHB infusion to the control values. In obese rats, however, these effects were less marked and the changes in NA concentration were not signi®cant.
NA changed the basal 3OHB levels only slightly. A slow increase was observed from the initial levels: 244AE 50 mM (lean) and 159 AE 24 mM (obese) to 328AE 51 mM (lean) and 274 AE 44 mM (obese) at 60 min; there were no signi®cant differences between the lean and obese phenotypes (Figure 3) . Addition of 3OHB, increased its levels up to 1.2 mM in both groups. When 3OHB infusion ceased, 3OHB levels in lean rats converged with those receiving only NA in about 15 min, whilst in the obese rats it took longer for 3OHB concentrations to fall. The curves of decrease in blood 3OHB levels after infusion were ®tted to a decay equation:
where t is the time, H the concentration of 3OHB, H 0 is the initial concentration and K is the decay constant. The half-life (t1 2 ) value for plasma 3OHB (that is, 1aK) was 4.8 min for lean rats and 8.8 min for obese rats.
Blood glucose levels rose progressively in both lean and obese rats under NA infusion (Figure 4) , practically doubling the initial 6 mM level in one hour; there were no differences between groups. Addition of 3OHB led to a shift in levels to the basal concentration range in lean rats, which was maintained upon cessation of 3OHB infusion. Obese rats did not show any change in glycaemia following the infusion of 3OHB in addition to NA. represented by diamonds and BAT data by circles. The shaded area shows the period during which the infusion of 3OHB took place. The mean rates of temperature increase for lean rats receiving NA alone were: aorta 0.092 C/min, BAT 0.125 C/min (calculated from min 0 to min 42). Rates for obese rats were: aorta 0.057 C/min, BAT 0.061 C/min (calculated from min 0 to min 60). The corresponding data for the rats treated with 3OHB were: aorta 0.042 C/min, BAT 0.046 C/min (calculated from min 15 to min 60) for lean rats and aorta 0.058 C/min, BAT 0.063 C/min (calculated form min 15 to min 60) for obese rats. Statistical analysis of the results (ANOVA). 1) Aorta: Effect of time on all four groups: P 0.000; lean 3OHB-treated vs untreated: P 0.000; obese 3OHB-treated vs untreated: P 0.797; all 3OHB-treated vs untreated: P 0.640; lean vs obese: P 0.000. 2) BAT: Effect of time on all four groups: P 0.000; lean 3OHB-treated vs untreated: P 0.000; obese 3OHB-treated vs untreated: P 0.948; all 3OHB-treated vs untreated: P 0.027; lean vs obese: P 0.000.
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Insulin levels in the lean rats treated with NA and 3OHB ( Figure 5 ) slowly rose until the time of 3OHB infusion and remained fairly constant thereafter. Insulin levels in the obese rats also increased during NA infusion, but 3OHB infusion ®rst stabilized, and then lowered, insulin levels. After 3OHB infusion ceased, insulin levels rose again, under the continuing effects of NA.
Discussion
The disturbed regulation of body temperature caused by anaesthesia, 27 can be effectively halted by NA infusion. NA raises body temperature by eliciting thermogenesis, mainly in BAT, since the BAT temperature is higher than that of blood. 5, 11, 18 The animal model used here cushions drops in body temperature by maintaining a high environmental temperature. 21 Infusions of saline or saline supplemented with 3OHB or glucose does not elicit either a rise in temperature or an alteration of the basal hypothermic condition caused by pentobarbital anaesthesia. 22 However, in lean rats, NA administration had a marked effect on core temperature, increasing it to levels that could not be maintained for long without damage. This effect was identical to the effect observed in normal Wistar rats. 21 The rate of temperature increase vs time, was . Effect of time on lean controls: P 0.175; effect of time on obese controls: P 0.151; effect of time on lean 3OHB-treated: P 0.000; effect of time on obese 3OHB-treated: P 0.000; lean 3OHB-treated vs untreated: P 0.000; obese 3OHB-treated vs untreated: P 0.000; lean vs obese: P 0.008. The shaded area shows the period during which the infusion of 3OHB took place. Statistical analysis of the results (ANOVA) for the whole period: Effect of time on all four groups: P 0.000; lean 3OHB-treated vs untreated: P 0.016; obese 3OHB-treated vs untreated: P 0.167; all 3OHB-treated vs untreated: P 0.004; lean vs obese: P 0.108. Analysis of data (ANOVA) for the 15 ± 36 min period; lean 3OHB-treated vs untreated: P 0.000; obese 3OHB-treated vs untreated: P 0.088.
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lower in the obese than in the lean rats. BAT temperatures were also higher than blood temperatures in obese faafa rats. This partial stimulation by NA contrasts with the lack of BAT response to NA in obese rats, which maintain core temperature by means other than BAT-thermogenesis. 28 In obese rats, although BAT seems to be sensitive to NA, this hormone is less effective in raising body temperature. This is partly due to higher body mass and to BAT's minimal uncoupling protein levels and activity in obese rats. 3, 29 Thus it can be assumed that other NA-sensitive thermogenic mechanisms operate under the conditions tested, probably through the involvement of uncoupling proteins other than UCP-1. 30, 31 In addition, the BAT of Zucker obese rats has altered adrenergic signalling, 32 making it hard to stimulate with catecholamines, even at concentrations as large as those used here. 33 Thermogenesis occurs in BAT and in other non-BAT sites. 34 The recent discovery of a family of uncoupling proteins in several tissues considerably widens the number of potential thermogenic agents. 35, 36 In lean rats, the effects of NA raising BAT and aortic temperature were maximal because of a full response to NA both in BAT 4 and (probably) in other sites. In obese rats, however, the incomplete response of a defective BAT 3 limited NA-stimulated heat production, although the extra-BAT response was, apparently, left intact. In the case of Zucker obese rats, the importance of extra-BAT sites in thermogenesis is clear; the differences in BAT and aortic temperature were small (or nil); nevertheless the body temperature rose considerably under NA infusion. In the lean controls, the big difference between aortic and BAT temperatures could be attributed to the thermogenic activity of the latter. The higher rate of temperature increase in lean rats may be a consequence of their BAT operating fully. This would leave the extra-BAT heat sources as the sole thermogenic agents, effectively functioning in the Zucker faafa rats.
Since, for most of the period studied, NA levels were maintained in lean and obese rats within the 45±50 nM range, it may be assumed that the rate of in¯ux in this range (18.7 nmolÁmin À1 Ákg
À1
) was comparable to the rate of NA disposal; and that this ®gure was the actual Statistical analysis of the results (ANOVA). Effect of time on lean controls: P 0.000; effect of time on obese controls: P 0.005; effect of time on lean 3OHB-treated: P 0.604; effect of time on 3OHB-obese treated: P 0.034; lean 3OHB-treated vs untreated; P 0.000; obese 3OHB-treated vs untreated: P 0.906; lean vs obese: P 0.336.
3-hydroxybutyrate effects on obese rat thermogenesis X Can Äas et al turnover rate of NA during the experiment. This means that obese rats had a higher rate per unit of lean body mass, and that both phenotypes were able to maintain a 50±60 nM NA concentration for a long time.
In lean and obese rats, the infusion of 3OHB hampers the action of NA on BAT 37 and limits the NA effects by affecting its binding to b-adrenoceptors, 20, 38 which lowers the extra-BAT response to NA in lean and obese rats. Lean rats had a reduced thermogenic response to NA 3OHB; obese rats, however, had no response to 3OHB because their BAT was not responsive to NA. It can be speculated that the lack of response to obese rats' thermogenesis to 3OHB means that 3OHB does not interfere with extra-BAT heat production. This is in marked contrast with 3OHB's effect on BAT thermogenesis in normal rats. Infusion of 3OHB NA decreased the response to adrenergic stimulation in lean rats. 18 This could be due to a drop in NA levels, perhaps because 3OHB activated the NA disposal process. This effect cannot be fully explained by the other known effects of 3OHB on adrenergic stimulation: interference with the BAT mitochondrial thermogenic system 18 and changes in the af®nity of b-adrenergic receptors for NA. 20, 38 The effects of 3OHB may be directly related to its concentration in plasma, since the maximal incidence on BAT temperature and on NA levels coincide with the highest plasma 3OHB levels as in Wistar rats, 21 with values close to the upper physiological limit reached during starvation. 15 Glucose levels increased progressively with NA administration, a direct consequence of generalized adrenergically-driven glycogenolysis. 9 However, high NA levels also enhance massive lipolysis in white adipose tissue, with increased levels of lipids, especially in obese rats. 39 The high availability of lipid usually leads to the synthesis of ketone bodies by the liver, 15 but high glycaemiaainsulinaemia hampers this process, 12 one reason why 3OHB levels increase very slowly. The ability to metabolize 3OHB, however, is not hampered by adrenergic stimulation, as can be observed in the fast disposal of injected 3OHB in lean rats. However, the obese rats showed higher tolerance to high ketonaemia than the lean animals, since their 3OHB levels rose faster during 3OHB infusion, and decreased more slowly when it ceased, than in the lean animals. This may be because obese rats are less able to dispose of 3OHB in peripheral tissues, which is shown by their higher basal and starvation 3OHB levels. 39 This condition is similar to that encountered under mild food deprivation conditions. 13 Infusion of NA does not affect insulin levels in either lean or obese rats, in spite of the known inhibitory effect of NA on insulin secretion via a 2 -adrenergic stimulation. 40 In the model studied, the high turnover rates of insulin in obese Zucker rats were not affected by NA infusion. 41 The rise in insulinaemia caused by NA was more marked in obese rats, but this was not directly paralleled by changes in blood glucose, probably because of insulin resistance. 42 The stunting of this increase by 3OHB, more marked in obese rats, could not be fully explained by the effects of 3OHB on NA levels, since NA changes in obese rats were less than in lean rats, but the effects on insulin were maximal. The effects of 3OHB can hardly be attributed to changes in glucose levels, since they simply increased progressively in obese rats and showed NA-like effects in lean ones (in which insulin presented few changes, if any). The results hint at an in¯uence of 3OHB on insulin secretion, which would add to its known effects on noradrenaline receptor af®nity, 20, 38 appetite 43 and BAT thermogenesis. 37 The NA-mediated effects observed in glycaemia may be due to modulation of 3OHB utilization by thermogenic tissues or alterations of the glycogenolysis rate.
Conclusion
The results presented are consistent with the role of 3OHB as a signal in an elaborate and complex failsafe mechanism to prevent wasting, a mechanism which seems to be lost or at least markedly altered in the obese Zucker faafa rat.
